Seventy-seven Bmcella reference and field strains from different geographic origins and hosts representing the six recognized species and their different biovars were analysed for diversity of their genes encoding the major 25 and 36 kDa outer-membrane proteins (OMPs) by PCR-RFLP. The 25 kDa OMP is encoded by a single gene (omp25) whereas two closely related genes (omp2a and omp2b) encode and potentially express the 36 kDa OMP. Analysis of PCR products of the omp25 gene digested with nine restriction enzymes revealed two species-specific markers, i.e. the absence of the EcoRV site in all Brucella melitensis strains and an N 50 bp deletion a t the 3' terminal end of the gene in all Brucella owis strains. Analysis of PCR products of the omp2a and omp2b genes digested with 13 restriction enzymes indicated a greater diversity than the omp25 gene among the six Bmcella species and within the Bmcella abortus, Brucella suis, B. melitensis and B. ovis species. Greater polymorphism was also detected for the omp2b than for the omp2a gene, especially in B. owis which seemed to carry two similar (but not identical) copies of omp2a instead of one copy each of omp2a and omp2b for the other Bmcella species as was previously suggested by Ficht et a/. (1990; Mo/ Microbiol4,1135-1142). Results of PCR-RFLP indicated that distinction can be made between Brucella species and some of their biovars, except between B. canis and B. suis bv. 3 and 4, on the basis of the size and diversity of their major OMP genes, and that it could be of importance for diagnostic, epidemiological and evolutionary study purposes.
INTRODUCTION
Brucellae are Gram-negative facultative intracellular bacteria that can infect many species of animals and man. Six species are recognized within the genus Brtlcella: B. abortus, B. melitensis, B. stlis, B. ovis, B. canis and B. neotomae (Corbel & Brinley-Morgan, 1984 ). This classification is mainly based on the difference in pathogenicity and in host preference (Corbel & Brinley-Morgan, 1984) . Distinction between species and biovars is currently performed by differential tests based on phenotypic characterization of LPS antigens, phage typing, dye-sensitivity, CO, requirement, H,S production, and metabolic properties (Alton e t al., 1988) . It has been suggested on the basis of DNA homology ( > 90 % for all species) that Brtlcella is a mono-specific genus (Verger et al., 1985 (Verger et al., ,1987 . However, Allardet-Servent e t al. (1988) reported that RFLP can be used to distinguish species within the genus Brtlcella and supported the use of the preferred host for classifying the brucellae. More recently, Fekete e t al. (1992) showed by arbitrarily primed PCR that Brtlcella strains can be distinguished according to the banding patterns of their amplified DNA on agarose gels. In addition, Grimont e t al. (1992) showed by Southern blot analysis of BamHIdigested Brgcella DNA with random cloned Brtlcella DNA probes that the most frequently occurring biovars (B. melitensis bv. 1 and 3, B. aborttls bv. 1 and 3, B. s~i s bv. 2 and B. ovis) could be distinguished from each other.
Two major proteins are expressed in the outer membrane of Brtlcella, the 25 and the 36 kDa OMPs (Cloeckaert e t al., 
1990
; Douglas e t al., 1984; Dubray & Charriaut, 1983; Verstraete et al., 1982) , the latter having a porin activity (Douglas et al., 1984; Marquis & Ficht, 1993) . The gene encoding the major 25 kDa OMP (omp25) has been cloned from B. aborttls strain 544 (bv. 1) genomic libraries constructed in lambda g t l l and lambda EMBL3 vectors by using monoclonal antibodies (mAbs) (Cloeckaert et al., 1990) as probes, subcloned in plasmid pTZ18 and sequenced (de Wergifosse e t al., 1995) . By Southern blot analysis of restriction-digested Brzxella DNA with the cloned gene as probe, we showed that Brtrcella probably contain a single copy of the gene in its DNA (Verger et al. , unpublished results) . On the contrary, Ficht e t al. (1988 Ficht e t al. ( , 1989 Ficht, 1993) . In addition, Ficht et al. (1990) t Strain numbers as referred to in first column of Table 1 .
$ Pattern similar to that of the ompZb gene of B. ovis cut by the same restriction enzymes. Southern blotting because it is easier to set u p and is less time-consuming for application to large numbers of samples. In addition, PCR combined with use of speciesspecific markers to identify the causative agent of disease could be used for diagnostic purposes (Fekete et al. , 1990 ; Herman & De Ridder, 1992) .
METHODS
Bacterial strains. The 77 strains used in this study are listed in (Alton et al., 1988) .
DNA preparation. For each strain, a 1-d-old 37 O C culture on a TSAYE or TSAYES slope was harvested with 3 ml sterile distilled water, and centrifuged at 4500 r.p.m. for 10 min. The pellet was suspended in 567 pl TE/sodium buffer (50 mM Tris, 50 mM EDTA, 100 mM NaC1, pH 8.0). SDS solution (30 pl 10 %, w/v) and 3 p12 % (w/v) proteinase K solution were then added and held at 37 O C for 1 h. The lysed cell suspension was extracted twice with phenol then chloroform (v/v). Nucleic acids were precipitated by gently mixing the resultant aqueous phase with 2 volumes cold ethanol. The precipitate was dissolved in 100 pl TE (10 mM Tris, 1 mM EDTA, pH 8.0).
The amount of DNA was measured by electrophoresis of an aliquot of each sample through 0.8% agarose gels, and comparison with DNA standards.
Primers. Two 20-mer primers for each gene were obtained from Appligene. Primers were chosen to amplify the entire gene with its Shine-Dalgarno and putative transcription terminator sequences according to the B. abortus bv. 1 determined nucleotide sequences of omp25 (de Wergifosse e t al., 1995) , and omp2a and omp2b (Ficht et al., 1989) . Primers used for amplification of the omp25 gene were 25A (5'-GGACCGCG-CAAAACGTAATT-3') and 25B (5'-ACCGGATGCCTGAA-ATCCTT-3'), for amplification of the omp2a gene, 2aA (5'-GGCTATTCAAAATTCTGGCG-3') and 2aB (5'-ATCGAT-TCTCACGCTTTCGT-3'), and for amplification of the omp2b gene, 2bA (5'-CCTTCAGCCAAATCAGAATG-3') and 2bB (5'-GGTCAGCATAAAAAGCAAGC-3').
Amplification conditions. Amplification reactions were prepared in 100 p1 volumes containing 10 mM Tris/HCl (pH 9.0), 50 mM KCl, 1.5 mM MgCl,, 0.1 % Triton X-100,0.2 mg gelatin ml-' (1 x PCR buffer; Appligene), 200 pM (each) dNTPs, 1 pM primer, 100 ng genomic DNA, and 2.5 U Taq DNA polymerase (Appligene). To reduce evaporation, the mixture was overlaid with a drop of mineral oil. The temperature cycling for the amplification was performed in a Techne PHC-2 thermocycler as follows. The first cycle was 95 "C for 5 min (denaturation), 58 "C for 2 min (annealing) and 70 "C for 3 min (extension). The next 30 cycles were 95 "C for 1 min (denaturation), 58 "C for 2 min (annealing) and 70 "C for 3 min (extension). The last cycle was 95 "C for 1 min (denaturation), 58 "C for 2 min (annealing) and 70 "C for 10 min (extension). Agarose gel electrophoresis. After amplification of the genes, 5 pl reaction mixture or 20 p1 each restriction digest were mixed with 1 and 2 pl, respectively, of glycerol-dye loading buffer, and the mixture was electrophoresed on agarose gel consisting of 1 or 1.5 % (w/v) standard quality agarose (Appligene) or 2.5 % NuSieve 3 : 1 agarose (TEBU) and 0.5 pg ethidium bromide ml-' (Sigma) in TBE buffer (89 mM Tris/HCl, 89 mM boric acid, 2 mM EDTA, pH 8-0). The samples were electrophoresed at 20 V overnight on an Apelex ST 1006 electrophoresis unit.
Molecular mass DNA marker kit VI (Boehringer Mannheim) was used as standard. A 254 nm UV transilluminator was used to detect the bands.
RESULTS

Polymorphism of the Brucella gene encoding the 25 kDa OMP
All Brzrcella strains had the same restriction pattern for the amplified fragment carrying the omp25 gene, except that B. melitensis (all 40 strains) lacked the EcoRV site, and B. ovis (all 12 strains) had a short deletion (Table 2 , Fig. 2 ). The deletion in the B. ovis gene was about 50 bp in length and was located between the MaeIII and EcoRV sites, including the Satl3A site at position 605 (see Fig. 1 ). Fig. 3 . Electrophoretic analysis of PCR-amplified omp2a (lanes 3, 5, 7, 9, 11, 13, 15 and 17) and ompZb (lanes 2, 4, 6, 8, 10, 12, 14 and 16) genes of 9. abortus bv. 1, 2 or 4 (lanes 2 and 3), 9. abortus bv. 3, 5, 6 or 9 (lanes 4 and 5), 9. abortus strain 45/20 (lanes 6 and 7), 9. melitensis (lanes 8 and 9), 9. suis (lanes 10 and 1 l), 9. ovis (lanes 12 and 13), 9. canis (lanes 14 and 15), and 9. neotomae (lanes 16 and 17); lane 1, molecular mass markers (VO.
Fig. 4. Restriction patterns of the PCR-amplified omp2a gene.
The patterns Pl-P4 of Table 3 are shown, in numerical order, for each of the following enzymes: (a) lanes: 2-5, patterns P1-P4 Alul; 6-8, patterns Pl-P3 Banl; 9-10, patterns P1 and P2 EcoRI; 11-12, patterns P1 and P2 Haelll; 13-16, patterns Pl-P4 Hinfl; 17-18, patterns P1 and P2 Kpnl; 1, molecular mass markers (VI). (b) lanes: 2-3, patterns P1 and P2 Ncol; 4, pattern P1 Psf; 5, pattern P3 Psf; 6, pattern P2 Pstl; 7-8, patterns P1
and P2 hull; 9-10, patterns P1 and P2 Styl; 11-12, patterns P1 and P2 Taql; 1, molecular mass markers (VI).
Polymorphism of the Brucella genes encoding 36 kDa OMPs
Compared to the 25 kDa OMP gene, the 36 kDa OMPs genes (omp2a and omp2b) showed a greater degree of diversity among the different Brzrcella species, biovars and strains (Tables 3 and 4) . The sizes of the amplified omp2a and omp2b genes were similar for all Brtlcella species except those of the omp2a genes of B. aborttls bv. 1, 2, 4 and R which were shorter compared to the other B. abortus biovars and other Brtlcella species (Fig. 3) . This observation confirms the results published by Ficht et al. (1990) concerning the absence of a 120 bp segment in the omp2a genes of B. abortus bv. 1, 2 and 4.
omp2a. On the basis of restriction patterns (from 13 restriction enzymes) of the PCR-amplified omp2a genes (Fig. 4) , Brtlcella strains could be classified into eight different groups (Table 3) . Some overall patterns were specific to Brucella species and/or biovars. The restriction maps corresponding to these patterns are shown in Fig. 5 . Pattern A was specific to B. aborttls bv. 1, 2, 4 and R and corresponds to the omp2a nucleotide sequence published by Ficht e t al. (1989) . It was characterized, compared to the other Brucella species and biovars, by a 120 bp deletion probably located between the TaqI (517) and TaqI (676) sites (Fig. 4) .
omp2b. On the basis of restriction patterns (from 13 restriction enzymes) of the PCR-amplified ompZb genes (Fig. 6) , Brucella strains could be classified into 11 different groups (Table 4) , indicating a greater diversity than the omp2a genes. Like omp2a restriction patterns, some overall omp2b patterns were specific to Brucella species and/or biovars. The restriction maps corresponding to these patterns are shown in Fig. 7 . Pattern A was specific to B. abortus bv. 1, 2 and R, and corresponds to the omp2b nucleotide sequence published by Ficht e t al. (1989) . Pattern C was specific to B. abortus strain 45/20. It was characterized, compared to the other B. abortus strains, by a short deletion (-20 bp) located between the BgAI (589) and H i d (774) sites (Figs 6 and 7) . The shorter size of the omp2b gene of B. abortus 45/20 was not apparent with the undigested amplified omp2b gene (Fig. 3) . Pattern D was characteristic of 11 strains of B. melitensis bv. 1 and 3, and it should be noted that 10 of the 11 strains isolated from different hosts (Table l) , including men, were from Israel,
On: Thu, 03 Jan 2019 05:41:44 suggesting that particular patterns may be found depending on the geographic region.
B. ovis contains two similar copies of omp2a instead of one copy of omp2a and one copy of omp2b. Patterns H, I and J for omp2b were specific to B. ovis strains. With each restriction enzyme tested, a different pattern was observed compared to omp2b patterns of all other Brucella strains (Fig. 6) . Pattern H was specific to B. ovis strain 63/270 (reference strain), pattern I was specific to B. ovis strain Reo 178, and pattern J was specific to B. ovis field strains isolated from different distant geographic regions (Table   Ficht et al. (1770) reported that B. ovis contains two copies of omp2a instead of the one copy of ompZa and one copy of omp2b found in the other Brucella species. Our results are in agreement with this observation in that the PCRamplified omp2b genes of all B. ovis strains tested lacked, like the ompZa genes, the ClaI, KpnI and NcoI sites, but contained the PvzlII site absent in the omp2b genes of the other Brzlcella species. Moreover, the Bad, EcoRI and PvzlII restriction patterns of the PCR-amplified ompZb genes from B. ovis were similar to those of the amplified omp2a genes from the corresponding strain (Table 4) . However, restriction patterns with AluI, HinfI and TaqI indicated that the two genes of B. ovis are not identical. Species-specific markers. Tables 3 and 4 show that PCR-RFLP of omp2a and omp2b can be used to distinguish Brmella species and some of their biovars. Accordingly, based on the diversity of both genes, distinction can be 1 
DISCUSSION
On the basis of DNA-DNA hybridization studies (Hoyer & McCullough, 1768a, b ; Verger e t al., l985) , it has been shown that the genus Brucella is a highly homogeneous group and it has been proposed that this genus should comprise only one genomic species (Verger et al., 1985 (Verger et al., , 1787 . This proposal was also supported by rRNA-DNA hybridization data (De Ley et al., 1787) and total DNA restriction analysis (McGillivery e t al., 1788 ; O'Hara e t al., 1785). However, for epidemiological and diagnostic purposes Brucella strains need to be distinguished. Thus, current research on the taxonomy and identification of Brucella strains is focused on molecular typing systems which would provide greater objectivity and safety (less handling of live Brucella) than phenotypic characterization.
The most significant observations in the present study were : (i) identification of species and biovar-specific markers on the basis of gene diversity of the 25 kDa and 36 kDa major OMPs by use of PCR-RFLP which could be applied in contrast to other studies on a large number of Brncella strains from different geographic origins and different hosts ; (ii) that intra-species polymorphisms of omp2a and omp2b genes exist especially within the B. melitensis and B. ovis species ; (iii) that B. ovis represents the most distant species of the others, as was suggested by other studies (Ficht e t a!., 1770; Halling & Zehr, 1990; Meyer, 1770; O'Hara e t al., 1985) .
The major polymorphism found for omp25 was an -50 bp deletion between the Mae111 and EcoRV sites at the 3' terminal end of the gene for all B. ovis strains studied. The consequences of this deletion on exposure of B-cell surface-exposed epitopes and on the topology of the 25 kDa B. ovis OMP in the outer membrane are currently being studied with mAbs specific for the 25 kDa OMP (Cloeckaert e t al., 1770) . The potential different topology of this OMP might contribute to specific pathogenesis of B. ovis infection in rams. Nucleotide sequence analysis should also provide further information on the polymorphism of omp25 within Brucella species in addition to that detected by PCR-RFLP. two similar but not identical copies of omp2a in B. ovis reference strain 63/290. PCR-RFLP used in the present study showed a greater diversity in the omp2a and ompZb genes among the Brudla species, biovars and strains. It included the shorter size of omp2b of the B. abortus 45/20 vaccine strain, the diversity of both omp2a and omp2b among B. melitensis strains, biovar-specific markers for B. suis biovars, and the intra-species diversity of the ompZb genes of B. ovis reference and field strains.
Some polymorphisms found for the omp2a and omp2b genes among B. melitensis strains, like the absence of the BgBI site in omp.26, seemed to be characteristic of B. melitensis strains from a defined geographic region, i.e. Israel. Depending on' the host from which the Brucella strains were isolated, differences in porin genes might also be expected. However, strains isolated from Israel were from different hosts including man. Recently, B. melitensis bv. 1 atypical strains, susceptible to dyes and penicillin, were isolated in Israel and characterized; this suggested the evolution of a new variant (Banai e t al., 1990).
Susceptibility to dyes and penicillin is probably directly related to porin structure and the polymorphism we found for the omp2b genes might be related to these susceptibilities. Therefore, it should be interesting to analyse ompZa and ompZb genes of these atypical strains for other polymorphisms. In addition, these results show the usefulness of PCR-RFLP in identifying epidemiological markers for brucellosis outbreaks.
Intra-species polymorphism was also found for the porin genes of B. ovis strains. The hypothesis of the presence of two similar copies of omp2a in B. ovis, instead of one copy of omp2a and one copy of ompZb for the other Brucella species (Ficht et al., 1990) , is supported by our PCR-RFLP results. However, the similarity between the two copies is more divergent in B. Tables 3 and 4. contained BgAI and SgI sites like the omp2b genes of the other Brucella species. It might be expected that B. ovis will evolve to possess one copy of omp2a and one copy of omp2b like the other Brucella species. These observations together with the presence of a deletion in the omp25 gene, which probably occurred from an entire gene, are in favour of B. ovis being a recently emerged species, as has been previously proposed (Meyer, 1990) . Nevertheless, it may also be that B. ovis branched off or diverged from the group at an earlier time. An alternative explanation is that a gene conversion recently homogenized the two gene copies or that the om@ gene duplication only recently occurred in this organism. However, it seems more probable that the event in the B. ovis lineage was a gene conversion rather than an ompZb deletion and new omp2a duplication, because the successful PCR amplification implies that the sequences surrounding the B. ovis 'omp2b' gene are similar to those that surround the omp2b gene in the other species, and different from those around the omp2a gene. Meyer (1990) has proposed a model for evolutionary derivation of Brucella organisms on the basis of phenotypic characteristics. PCR-RFLP analysis of the porin genes which are in agreement with this model include (i) the close relationship between B. abortus bv. 3, 5, 6, 9 and B. melitensis; (ii) the presence of specific markers for B. suis bv. 2 and B. neotomae; (iii) the close relationship between B. st/is bv. 3 and 4 and B. canis which were indistinguishable on the basis of PCR-RFLP results of both the omp2a and omp2b genes ; and finally (iv) the fact that B. ovis represents the most widely diverged lineage. However, it seems unlikely that B. ab0rtu.r bv. 2 represents the progenitor species since its omp2a gene has a deletion of 120 bp like B. abortus bv. 1 and 4. The progenitor species logically carried two entire omp2 genes. Hypothetical phylogenetic networks based on restriction fragment differences of the omp2a and omp2b genes are shown in Fig. 8 .
In addition to study of the fundamental evolutionary aspects of the Brucella omp25 and porin genes, PCR-RFLP of the major OMP genes could also be useful for diagnostic and identification purposes as was proposed for other Brucella genes (Fekete e t al., 1990; Herman & De Ridder, 1992) .
Preliminary development of a diagnostic test for Brucella using polymerase chain reaction. J Appl Bacteriof 69, 21 6-227. 174, 7778-7783. 
